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Tipton AJ, Baban B, Sullivan JC. Female spontaneously hypertensive rats have greater renal anti-inflammatory T lymphocyte infiltration than males. Am J Physiol Regul Integr Comp Physiol 303: R359 -R367, 2012. First published July 3, 2012; doi:10.1152/ajpregu.00246.2012.-T cells contribute to hypertension in male experimental models; data in females is lacking even though women are more likely to develop immune disorders. The goal of this study was to determine whether immune cells contribute to hypertension in female spontaneously hypertensive rats (SHR) and define the T cell profile in whole blood and kidneys of male and female SHR. We hypothesized that inflammatory cells contribute to hypertension in female SHR; however, male SHR have a higher blood pressure so we hypothesize they will have a heightened inflammatory profile. The lymphocyte inhibitor mycophenolate mofetil (MMF) was administered in a dose-dependent manner to SHR. At the highest dose (50 mg·kg Ϫ1 ·day Ϫ1 ), blood pressure was significantly decreased in both sexes, yet the percent decrease in blood pressure was greater in females (female: 12 Ϯ 1%; males: 7 Ϯ 1%, P ϭ 0.01). Circulating and renal T cell profiles were defined using analytical flow cytometry. Female SHR had more circulating CD3
ϩ , CD4 ϩ , and pro-inflammatory CD3 ϩ CD4 ϩ ROR␥ ϩ Th17 cells, whereas males had more immune-suppressive CD3 ϩ CD4 ϩ Foxp3 ϩ T regulatory cells. In the kidney, females had greater numbers of CD8 ϩ and T regulatory cells than males, whereas males had greater CD4 ϩ and Th17 cell infiltration. MMF decreased circulating and renal T cells in both sexes (P Ͻ 0.0001), although the effect of MMF on T cell subtypes was sex specific with females having greater sensitivity to MMF-induced decreases in lymphocytes. In conclusion, there is a lymphocyte contribution to the maintenance of hypertension in the female SHR and sex of the animal impacts the T cell profile. mycophenylate mofetil; blood pressure; gender; T cells SEVERAL RECENT STUDIES have suggested chronic inflammation is an independent risk factor for high blood pressure (25, 42, 43) . In particular, the adaptive immune system has been implicated in hypertension. There is a growing body of basic science literature supporting a role for inflammatory lymphocytes in the development and maintenance of hypertension in male experimental animals (2, 22, 23, 36, 42, 44) . More specifically, T cells have been shown to be necessary for male experimental animals to fully develop angiotensin (ANG) II and DOCA-salt hypertension (20, 27) . There is a scarcity of data in the literature, however, regarding the role of immune cells in blood pressure regulation and hypertension in females. Although there is little direct evidence linking immune cells with hypertension in females, women are more likely than men to develop inflammatory and immunological disorders. This includes rheumatoid arthritis and systemic lupus erythematosus (56) , both of which are associated with an increased risk of developing cardiovascular diseases including hypertension (9, 11, 18, 46, 47) .
The majority of studies verifying a role for T cells on blood pressure control were performed using all CD3 ϩ T cells (which includes both CD4 ϩ and CD8 ϩ cells). However, more recent studies have focused on various T cell subpopulations. CD3 ϩ
CD4
ϩ T cells can differentiate into pro-inflammatory T helper 17 (Th17) cells or regulatory T cells (Tregs). Th17 cells contribute to the development and maintenance of ANG IIinduced hypertension (32) , whereas Tregs suppress innate and adaptive immune responses and attenuate the development of hypertension in male Dahl salt-sensitive rats and ANG II hypertensive mice (26, 34, 54) . As such, the balance between Th17 cells and Tregs may be an important determinant of the inflammatory profile and likely influences the overall impact of lymphocytes on blood pressure control.
It has been well established that there is an immune component to blood pressure regulation in male spontaneously hypertensive rats (SHR), an animal model of essential hypertension. Subcutaneous injection of antithymocyte serum significantly decreases blood pressure in male SHR and thymus transplantations from normotensive Wistar-Kyoto (WKY) rats into SHR attenuates the hypertension (3, 7, 15) . More recently, the immunosuppressive drug mycophenolate mofetil (MMF) has been shown to normalize blood pressure in male SHR (40) . MMF inhibits inosine monophosphate dehydrogenase, the ratelimiting enzyme in the de novo synthesis of guanosine nucleotides required for T and B lymphocyte production (38) , thereby directly linking lymphocytes with hypertension in male SHR. However, the role of lymphocytes on blood pressure control on female SHR is unknown. Therefore, the first goal of this study was to determine the contribution of lymphocytes to blood pressure control in female SHR using MMF. To gain insight into the molecular mechanisms by which lymphocytes may regulate blood pressure, the second goal of this study was to define the circulating and renal T cell profiles in untreated and MMF-treated male and female SHR. The kidney is critical in the long-term control of blood pressure, and renal immune cell infiltration contributes to increases in blood pressure in genetic, ANG II, and salt-sensitive hyper-tension (12, 13, 17, 40) . This study tested the hypotheses that 1) inflammatory lymphocytes contribute to the maintenance of hypertension in female SHR, and 2) male SHR have greater expression of Th17 cells while female SHR have higher frequencies of Tregs.
METHODS

Animals.
Male and female SHR were used in this study (Harlan Laboratories, Indianapolis, IN). All experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved and monitored by the Georgia Health Sciences University Institutional Animal Care and Use Committee. Rats were housed in temperature-and humiditycontrolled, light-cycled quarters and maintained on standard rat chow (Harlan Teklad). A subset of male and female SHR were implanted with telemetry transmitters (Data Sciences, St. Paul, MN) at 11 wk of age as previously described with the use of sterile techniques (49); control rats did not receive telemetry implants. Rats were allowed 1 wk to recover before they were placed on telemetry receivers for the measurement of baseline blood pressure. After 1 wk of baseline blood pressure data collection, rats were treated with increasing doses of MMF (Roxane Laboratories, Columbus, OH) suspended in 5% dextrose (B. Braun Medical, Irvine, CA) by intraperitoneal injection. Age-matched male (n ϭ 7) and female SHR (n ϭ 5) were treated with 20, 30, and 50 mg·kg Ϫ1 ·day Ϫ1 MMF. For both sexes each dose was given for 7 days; a blood sample was taken via tail snip at the end of the 30 mg·kg Ϫ1 ·day Ϫ1 treatment period. Age-matched, untreated rats served as controls. On the last day of the 50 mg·kg Ϫ1 ·day Ϫ1 dose rats were placed in metabolic cages to facilitate 24-h urine collection. Urinary protein excretion was determined by Bradford assay (BioRad, Hercules, CA), and electrolyte analysis was performed using the EasyLyte apparatus (Medica, Beford, MA) in accordance to manufacturer's instructions. Rats were then anesthetized with ketaminexylazine (48 and 6.4 mg/kg ip, respectively; Phoenix Pharmaceuticals, St. Joseph, MO), and a terminal blood sample was taken in the presence of heparin (Hospira, Lake Forest, IL) via aortic puncture. Kidneys were isolated and placed in ice-cold physiological buffered saline (PBS), and both kidneys and blood samples were immediately subjected to flow cytometric analyses.
Analytical flow cytometry. Single cell suspensions of kidneys in PBS were achieved using a 100 M cell strainer (BD Biosciences, San Diego, CA) followed by centrifugation (1,500 rpm, 10 min). Phenotypic and intracellular analyses of whole blood and renal cells were performed as described previously (4, 5) . Briefly, cells were incubated with antibodies for surface markers including CD4, CD8, CD3, CD69, and CD44 (BD Biosciences) for 15 min on ice in the dark. After washing was completed, cells were fixed and permeabilized using fix/perm concentrate (eBioScience, San Diego, CA) before incubation with antibodies for intracellular staining of Foxp3 (to identify Tregs) or ROR␥ (to identify Th17 cells; BD Biosciences). Cells were then washed and run through a four-color flow cytometer (FACS Calibur, BD Biosciences), and data were collected using CellQuest software. Samples were double-stained with control IgG and cell markers to assess any spillover signal of fluorochromes. Proper compensation was set to ensure the median fluorescence intensities of negative and positive cells were identical and then was used to gate the population. Gating excluded dead cells and debris using forward and side scatter plots. To confirm the specificity of primary antibody binding and rule out nonspecific Fc receptor binding to cells or other cellular protein interactions, negative control experiments were conducted using isotype controls matched to each primary antibody's host species, isotype, and conjugation format. A representative scatter plot showing positive and negative staining for CD3 in kidney samples from a male and female SHR is shown in Fig.  1 . The control antibodies had no specificity for target cells within our studies yet retain all the nonspecific characteristics of the antibodies used in the experiments.
Statistical analysis. All data are presented as means Ϯ SE. Twenty-four hour mean arterial pressure (MAP) data between sexes were analyzed using mixed-effects regression models (MMRs) to perform repeated measures analysis with one grouping factor (sex) and one repeated factor (dose of MMF) analysis of variance (ANOVA) (Fig. 2A) . The MMR-based analysis took account of the fact that each rat was dosed for 7 days within each dose group. The Tukey-Kramer method for repeated measures was used to perform pair-wise comparisons between the dose groups. Twenty-four hour MAP data within each sex were analyzed using ANOVA for repeated measurements with a Bonferroni correction (Fig. 2 , B and C). Flow cytometry data in untreated and MMFtreated rats were compared using two-way ANOVA, factor 1 was sex of the animal, and factor 2 was MMF treatment. For all comparisons, differences were considered statistically significant with P Ͻ 0.05. Analyses were performed using GraphPad Prism Version 5.0 software (GraphPad Software, La Jolla, CA) and SAS 9.3 (SAS Institute, Cary, NC).
RESULTS
MMF decreases blood pressure in SHR.
The impact of lymphocyte suppression on 24 h MAP was determined in age-matched male and female SHR. The interaction between sex and MMF was not statistically significant (P ϭ 0.204); however, there were significant effects of both sex (P Ͻ 0.001) and treatment (P Ͻ 0.001; Fig. 2A ). Thus there was a significant difference between males and females at baseline and at each dose, with males having consistently higher blood pressure than females. Consistent with previously published reports (13, 40) , male SHR displayed a dose-dependent decrease in blood pressure in response to MMF treatment (Fig. 2B ). Males exhibited a significant decrease in blood pressure from baseline values at a dose of 50 mg·kg Ϫ1 ·day Ϫ1 (6.6 Ϯ 1.0% decrease from baseline blood pressure). Similar to male SHR, females displayed a dose-dependent decrease in blood pressure; however, in females blood pressure significantly decreased relative to baseline values at a dose of 30 mg·kg Ϫ1 ·day Ϫ1 ( Fig. 2C ; 7.2 Ϯ 0.9% decrease from baseline blood pressure). In response to the highest dose delivered, 50 mg·kg Ϫ1 ·day Ϫ1 , female SHR displayed a significantly greater decrease in blood pressure from baseline (11.6 Ϯ 1.4% decrease) compared with males (P ϭ 0.01).
To assess the impact of MMF on indexes of renal health and function, urinary protein and electrolyte excretion were examined in untreated control and MMF-treated male and female SHR ( Table 1) . As previously published, control male SHR had greater proteinuria compared with control females (effect of sex: P Ͻ 0.0001) (50); however, MMF did not significantly impact protein excretion (effect of treatment: P ϭ 0.359). Urinary Na ϩ , K ϩ , and Cl Ϫ were also assessed; however, neither sex nor treatment significantly impacted electrolyte excretion.
Sex of the animal influences the impact of MMF on the T cell profile in whole blood. Additional studies were performed to determine the circulating T cell profile in male and female SHR under basal conditions and following MMF treatment. Analytical flow cytometry was used to assess the levels of pan T cells
in whole blood. Interestingly, female SHR had significantly more pan T cells than male SHR, expressed as a percentage of whole blood cells (Table 1 , effect of sex: P Ͻ 0.0001). T cells were further characterized as either CD4 ϩ or CD8 ϩ . Female SHR had significantly more circulating CD4 ϩ T cells than males (effect of sex: P ϭ 0.0237), although CD8 ϩ T cell numbers were comparable (Fig. 3, A and B, respectively; effect of sex: P ϭ 0.1730). Both Tregs and Th17 cells have been implicated in blood pressure control (26, 32) , therefore, expression of these individual T cell populations in whole blood was further determined. Male SHR had more circulating Tregs than females ( Fig. 3C ; effect of sex: P ϭ 0.0564), but female SHR had significantly more circulating Th17 cells than male SHR ( Fig. 3D ; effect of sex: P Ͻ 0.0001).
Additional experiments were initiated to begin to probe the molecular mechanism by which MMF lowers blood pressure in SHR by using analytical flow cytometry to assess the levels of T cells following MMF treatment. There was not a significant difference in the degree of T cell suppression following 30 Fig. 2 . Twenty-four hour mean arterial pressure (MAP) measured by telemetry in male and female SHR (A). MAP in male SHR (n ϭ 7) (B) and MAP in female SHR (n ϭ 5) (C) in response to increasing doses of the lymphocyte inhibitor mycophenylate mofetil (MMF) by intraperitoneal injection beginning on day 0; rats were 13 wk of age. #Significant difference in MAP from males; *significant decrease in MAP from baseline, P Ͻ 0.05. Fig. 3 , A and B, respectively; for all comparisons effect of treatment: P Ͻ 0.0001). MMF resulted in a greater decrease in CD3 ϩ and CD4 ϩ T cells in female SHR compared with males (interaction: P ϭ 0.0011 and P ϭ 0.0001, respectively). The decrease in CD8 ϩ T cells was comparable between the sexes (interaction: P ϭ 0.1730). MMF significantly decreased circulating Foxp3 ϩ cells in the male and female SHR ( Fig. 3C ; effect of treatment: P ϭ 0.001), and the decrease was comparable in each sex (interaction; P ϭ 0.4565). Circulating Th17 cells were also significantly decreased by MMF in both male and female SHR ( Fig. 3D ; effect of treatment: P Ͻ 0.001), although female SHR were more sensitive to MMF suppression of Th17 cells than males (interaction: P ϭ 0.0002).
Sex of the animal influences the impact of MMF on the T cell profile in kidneys. The kidney is critical in the long-term control of blood pressure, and T cell infiltration in the kidney has been demonstrated to impact blood pressure in male experimental animals (12, 13, 17, 40) . Therefore, analytical flow cytometry was used to assess the T cell profile in kidneys of untreated and MMF-treated male and female SHR. Pan T cell renal infiltration was comparable in male and female SHR (Table 1 ; effect of sex: P ϭ 0.54). Male SHR had significantly more CD4
ϩ T cells in their kidneys than females ( Fig. 4A ; effect of sex: P ϭ 0.002), although females had more CD8 ϩ T cell infiltration than males ( Fig. 4B ; effect of sex: P ϭ 0.0459). Consistent with female SHR having lower blood pressure under baseline conditions than male SHR, females had greater Treg infiltration (effect of sex: P ϭ 0.0006), whereas Th17 ) significantly reduced the total number of pan T cells, CD4
ϩ , and CD8 ϩ T cells compared with untreated controls in both male and female SHR (Table 1, Fig. 4, A and B; for all comparisons effect of treatment: P Ͻ 0.0001). Similar to whole blood, there were sex differences in the effectiveness of MMF to decrease total pan T cells (interaction: P ϭ 0.0847), CD4 ϩ (interaction: P ϭ 0.0456), and CD8 ϩ T cells (interaction: P ϭ 0.0459) in kidneys of females compared with males. MMF significantly decreased the number of infiltrating Th17 cells and Tregs in males and females (Fig. 4, C and D; for both comparisons effect of treatment: P Ͻ 0.0001), although the decrease in Tregs was greater in females (interaction: P ϭ 0.0107), whereas the decrease in Th17 cells was greater in males (interaction: P Ͻ 0.0001).
Sex of the animal influences cellular T cell activation markers. CD44 and CD69 levels were assessed in whole blood and kidneys of untreated and MMF-treated male and female SHR to assess T cell activation. CD69 is a lymphoid activation marker that is rapidly induced following the activation of T cells (55) . CD44 is a T cell activation molecule involved in cell adhesion and migration (19) . CD69 was more highly expressed on circulating CD4 ϩ CD3 ϩ T cells in male SHR than in female SHR ( Fig. 5A ; effect of sex: P ϭ 0.010); however, there were comparable numbers of CD69 ϩ expressing T cells infiltrating the kidney of males and females ( Fig. 5B ; effect of sex: P ϭ 0.1233). In contrast, CD44 was more highly expressed in the circulation of female SHR compared with male SHR (Fig. 5C ; effect of sex: P ϭ 0.0056), but there were fewer CD44 ϩ expressing T cells in the kidneys of female SHR compared with male SHR (Fig. 5D ; effect of sex: P Ͻ 0.0001). MMF treatment significantly decreased the numbers of CD69 ϩ and CD44 ϩ expressing T cells in the circulation and kidneys of both sexes (for all comparisons effect of treatment: P Ͻ 0.0001). MMF resulted in greater decreases in renal CD69 ϩ expressing T cells and circulating CD44 ϩ cells in female SHR compared with males (interactions: P ϭ 0.0032 and P ϭ 0.0028, respectively), whereas males had a greater decrease in renal CD44 ϩ T cells (interaction: P Ͻ 0.0001).
DISCUSSION
The idea that an immune response contributes to hypertension is not new; however, only in recent years with our expanded knowledge of the role of T cell subtypes in blood pressure control have the molecular mechanisms responsible begun to be elucidated. While we have learned a great deal of new information, the vast majority of the studies to date have focused on males. The primary novel finding of this study is that immune cells also contribute to the maintenance of hypertension in female experimental models of essential hypertension. Indeed, females exhibited a greater percent decrease in blood pressure from baseline in response to MMF than males. In addition, there is a sex difference in the circulating and renal T cell profiles under basal conditions. Of potential greatest interest, female SHR have more Tregs while males have more Th17 cells infiltrating the kidney. There is likewise a sex difference in lymphocyte sensitivity to MMF. Female SHR has greater decreases in circulating CD4
ϩ and Th17 cells and renal 
CD8
ϩ cells, which likely contributes to the greater sensitivity to the blood pressure-lowering effects of MMF in female SHR.
Early studies examining the role of the adaptive immune system in hypertension in SHR suggested that dysregulation of immune system function, specifically T cells, contributed to elevations in blood pressure. Pioneering investigators implicated T cells in hypertension in SHR using thymus transplants from normotensive WKY rats (3, 15, 37) . Thymus grafts from male WKY significantly lowered blood pressure in male SHR demonstrating that T cells are critical in the development of hypertension in SHR. More recently, studies have examined immune cell infiltration and observed greater renal T cell and macrophage infiltration in 3-wk-old prehypertensive male SHR compared with age-matched normotensive WKY (8, 39) . In addition, treatment of adult male SHR with the lymphocyte inhibitor MMF normalizes blood pressure to levels seen in WKY (40) , thereby verifying a role for inflammatory lymphocytes in hypertension in SHR. Consistent with these data, in the current study male SHR experienced a significant decrease in blood pressure following MMF treatment.
We also found female SHR to have a dose-dependent decrease in blood pressure in response to MMF. Our result is consistent with previous studies showing that Concanavalin A, a lectin that stimulates precursor T cell development into suppressor cells, lowers blood pressure in male and female SHR, supporting an immune component to hypertension in female SHR (7, 14) . Interestingly, in the current study females experienced a greater percent decrease in blood pressure from baseline compared with male SHR in response to MMF. It should be noted, however, that in the current study the impact of MMF within each sex was determined based on the percent decrease in blood pressure from baseline during the study. We have previously published that over this same age range (12-16 wk of age), blood pressure in male SHR increases by ϳ5 mmHg while blood pressure in female SHR is stable (50) . Therefore, the experimental design of the current study may underestimate the relative effectiveness of MMF in male SHR. It was recently reported that perinatal inhibition of the inflammatory transcription factor nuclear factor-B significantly delays the agerelated increase in blood pressure in both male and female SHR offspring, supporting an inflammatory component to hypertension in both sexes of SHR (28) . Female offspring of treated dams maintained a lower blood pressure compared with offspring born to untreated dams, and this reduction in blood pressure persisted for at least 7 mo. Male offspring of treated dams also experienced a reduction in blood pressure; however, this attenuation in blood pressure was only maintained for 4 mo. These data further support the hypothesis that female SHR are more sensitive to inflammatory-mediated increases in blood pressure. A recent small population clinical study monitored blood pressure in five hypertensive women and three hypertensive men who were taking MMF for the treatment of psoriasis or rheumatoid arthritis (24) . The authors found that 3 mo of MMF treatment significantly decreased the average systolic blood pressure from 153 Ϯ 7 to 136 Ϯ 5 mmHg. Once the patients stopped taking MMF their blood pressures were restored to pretreatment levels. This study highlights the potential to use lymphocyte suppression as an effective means of lowering blood pressure in hypertensive women. Indeed, in a female mouse model of systemic lupus erythematosus, treatment with an inhibitor of the inflammatory cytokine tumor necrosis factor ␣ etanercept decreases blood pressure (53) . Yet, to our knowledge, there are no additional studies that have specifically reported the impact of immunosuppressive therapy on blood pressure in a strictly hypertensive female population.
To begin to better define the role of lymphocytes in blood pressure control in SHR, additional studies characterized the T cell profile in whole blood and in the kidney of male and female SHR. Our study was designed to examine total CD3 ϩ cells, CD4 ϩ CD3 ϩ , and CD8 ϩ CD3 ϩ T cell populations. It has been suggested that CD4
ϩ T cells play a greater role in the development of hypertension than CD8 ϩ T cells. In both male mice infused with ANG II and in male SHR, the kidney and aorta have higher levels of CD4 ϩ T cell infiltration than CD8 ϩ T cells (20, 39) . CD4 ϩ T cells have also been implicated in human hypertension. There is a statistically lower incidence of hypertension in HIV ϩ men deficient in CD4 ϩ T cells compared with the general population, and increases in CD4
ϩ T cell counts with anti-retroviral drugs increases the incidence of hypertension (45) . Consistent with infiltrating CD4 ϩ T cells modulating blood pressure, male SHR have a higher blood pressure than female SHR at baseline conditions, and male SHR have greater CD4
ϩ T cell infiltration in the kidney compared with females. Our data are consistent with other studies in the literature linking renal immune cell infiltration with a number of hypertensive models including ANG IImediated and salt-sensitive hypertension (12, 13, 17) . Our laboratory has previously published that male SHR have significantly greater macrophage infiltration in the renal cortex than female SHR under baseline conditions (49, 50) and that CD3 ϩ pan T cell renal infiltration is comparable between male and female SHR (49) . However, in this latter study we did not assess T cell subtypes. It was surprising that female SHR had greater numbers of circulating CD4 ϩ T cells than males, yet fewer infiltrating the kidney. Based on these results, we speculate that there is a sex difference in endothelial cell activation and T cell adhesion, which blunts immune cell infiltration in females. Alternatively, greater circulating immune cells in females may also exist as a mechanism to establish and maintain peripheral immune tolerance, limiting inflammatory responses and preventing further autoimmune disease. Circulating and renal CD8 ϩ T cell numbers were comparable between the sexes under both control conditions and following MMF treatment. Recent studies have suggested that CD8 ϩ T cell subpopulations may contribute to establishing and maintaining the immune homeostasis and tolerance (16) ; however, our experimental approach did not further define the CD8 ϩ T cell population since there were no apparent sex differences. Future studies will address the functional implications of the observed sex differences in the T cell profiles on both blood pressure regulation and tissue infiltration. Cross regulation between tissue and peripheral T cell populations may be an important overall determinant of the impact of T cells on cardiovascular health.
Recent data has emerged suggesting that T cell subpopulations influence hypertension and subsequent organ injury. Tregs have been suggested to limit vascular injury and protect against pulmonary hypertension (51) . In addition, adoptive transfer of Tregs protects male mice from ANG II-mediated cardiac (29) and vascular damage (6), mitigates elevations in blood pressure and renal infiltration in aldosterone-treated male mice (26) , and decreases BP in Dahl salt-sensitive rats with chromosome 2 from a Brown-Norway rat (54) . In contrast, male interleukin (IL)-17 knockout mice are not able to sustain ANG II-mediated increases in blood pressure, suggesting that IL-17 is necessary to maintain ANG II hypertension and IL-17 is the primary cytokine released by Th17 cells (32) . Consistent with Tregs being associated with lowering blood pressure, female SHR had greater numbers of Tregs in the kidney. Consistent with Th17 cells being prohypertensive, male SHR had greater numbers of infiltrating Th17 cells. Interestingly, female SHR had more circulating Th17 cells and more renal Tregs, whereas males had more circulating Tregs and more infiltrating Th17 cells in the kidney. This disparity makes it tempting to speculate that the total numbers of cells (blood plus tissue) are the same in each sex, the sex difference is more in where those cells partition to.
Females exhibited a greater decrease in blood pressure in response to MMF than males. Based on the impact of MMF on the T cell profile in male versus female SHR, we postulate that this is the result of sex differences in sensitivity to MMFinduced inhibition of lymphocytes as opposed to greater dependence of female SHR on immune cells to mediate their hypertension. In particular, female SHR had fewer infiltrating CD4 ϩ T cells and Th17 cells following MMF than males, while males tended to retain more Tregs. It is not that surprising that MMF differentially regulates the balance of the T cell profile; however, the sex difference is intriguing. Treatment with the immunosuppressant tacrolimus decreased Tregs and increased Th17 cells in the spleens of male mice and was associated with a significant increase in systolic blood pressure (10) . Moreover, it has been established that in patients with systemic lupus erythematosus, which are primarily women, there is an imbalance in the T cell subpopulations with an elevation in Th17 cells and decreased numbers of Tregs (31, 58, 59) .
To assess T cell activation, CD44 and CD69 were measured, both of which have been associated with increases in tissue homing and T cell accumulation (20, 30) . CD44 also maintains tissue structure via cell to cell interaction and is considered a marker of cellular adhesion (19) . We expected that males would have higher levels of both CD69 and CD44 consistent with a more pro-inflammatory T cell profile and greater T cell infiltration. Consistent with this hypothesis male SHR did have greater levels of CD44 ϩ T cells in the kidney; however, females had more CD69 ϩ cells. Interestingly, data in the literature suggests that a subpopulation of CD69 ϩ T cells act as Tregs and suppress effector T cell proliferation (21, 33) . In addition, females tended to be more sensitive to MMF inhibition of CD44 ϩ and CD69 ϩ cells, which may further contribute to the greater decrease in blood pressure relative to males. Additional studies are required to more fully characterize the CD69 ϩ CD4 ϩ T cells to determine whether these cells are the same in males and females and their role in T cell infiltration.
The mechanism responsible for the observed sex differences in T cells is currently unknown; however, it is tempting to speculate that sex hormones contribute. Sex hormones influence the immune system, although there are contradictory reports regarding the direction of the sex hormone effect. The majority of the evidence indicates that testosterone is immunosuppressive, whereas estrogen has been shown to be both pro-inflammatory (48) and an anti-inflammatory modulator (35, 57) . In normotensive male mice, testosterone shifts T cell differentiation toward the formation of Tregs thereby suppressing the pro-inflammatory response, whereas estrogen activates helper T cell differentiation into CD4 ϩ T cells and also upregulates pro-inflammatory responses (1, 52) .
Perspectives and Significance
Although it is well established that there is a sexual dimorphism in the blood pressure of sexually mature hypertensive SHR (50) and humans (41) , the molecular mechanisms responsible are still being investigated. Although many different pathways have been implicated in the sex difference in blood pressure in SHR, the experimental approach to the question has always been the same. It is typically assumed that lower levels of blood pressure in females is due to greater levels of protective, vasodilatory factors and/or lower levels of pro-hypertensive factors. It is possible that the sex difference in blood pressure is more related to the fact that the mechanisms that regulate blood pressure in the two sexes are different; therefore the level of the increase in pressure is different. Perhaps in females the increase in blood pressure is more dependent on a defect in the ability to suppress pro-inflammatory T cell infiltration into organs or functional abnormalities of Tregs in suppressing effector T cells. If so, women in particular may benefit from the inclusion of an immunosuppressant to control their hypertension. Additionally since advances in immunology have afforded the opportunity to examine and define the various T cell subpopulations, namely, Th17 and Tregs, it is feasible that direct therapeutic targets should focus on these cell types in the treatment of hypertension.
